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ABSTRACT Aggregation of breast cancer in families is an established risk factor associated with increased
incidence of the disease, which is a feading cause of morbidity and mortality among women in this country. Three
genes have now been identified that confer increased susceptibility in families with a clear hereditary (i.e., Mende-
lian) pattern of expression: BRCA1, BRCA2 and p53. However, a significant number of women have an identified
family history of breast cancer without clear Mendelian patterns of disease. Such patterns are consistent with the
effect of more common genes with lower associated risk. Some evidence is available to implicate three additional
genes that fit this category: AT, ESR and HRAST. An area of active interest is genetically mediated variation in
the metabolism of estrogens, a process controlled by several genes, each with more modest effects. The interaction
of genes and environmental factors in breast cancer pathogenesis is of considerable public healith importance. J.
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It has been firmly established that at least a portion of
the occurrence of breast cancer can be ascribed to inherited
susceptibility. There are currently three genes (p53, BRCAI
and BRCA2) known that, when inherited in an altered form,
confer very high lifetime risks (high penetrance in genetic
terms) and high relative risks (in epidemiologic terms). Fami-
lies segregating a mutation in one of these genes demonstrate
an autosomal dominant pattern of susceptibility. These genes
seem to be an infrequent cause of breast cancer in the general

population and are associated primarily with early-onset breast
cancer (Ford and Easton 1995).

p53

Inherited mutations in the p53 gene seem to be responsible
for some (Malkin et al. 1990) but not all (Santibanez-Koref
et al. 1991) cases of the Li-Fraumeni syndrome. However, this
syndrome is rare in the population and has been estimated to
account for less than 1% of cases of breast cancer, even at
young ages (Sidransky et al. 1992).
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BRCA1

The BRCAI gene was initially localized to chromosome
17921 in families with breast-ovarian cancer and early-onset
breast cancer (Hall et al. 1990) and was recently cloned (Miki
et al. 1994). Genetic linkage studies have shown that almost
all multiple-case breast-ovarian cancer families are counted
segregating mutations in BRCAI (Narod et al. 1995). At age
40 y, women who inherit a mutation in BRCAI are at roughly
200-fold greater risk of breast cancer than the general popula-
tion. This risk decreases somewhat with age, but remains ele-
vated roughly 15-fold to age 70 y. Ford et al. (1995) used
two population-based samples of families and estimated the
frequency of BRCAI mutations to be 0.0006 {95% confidence
interval (CI) 0.0002 to 0.001] and the proportion of breast
cancer cases due to BRCAI to be 5.3% below age 40y, 2.2%
berween ages 40 and 49 vy, and 1.1% berween ages 50 and 70
y. They concluded that “the majority of breast cancer families
with less than four cases and no ovarian cancer are not due
to rare highly penetrant genes such as BRCA! but are more
likely to be due to either chance or to more common genes
of lower penetrance.” Langston et al. (1996) studied 80 women
with onset of breast cancer before the age of 35 y and found
mutations in eight and alterations of unknown functional im-
portance in another four. Intriguingly, two of the six women
with mutations did not report a family history of breast or
ovarian cancer in first- or second-degree relatives, but the
number of relatives art risk and their ages were not presented.
Fitzgerald et al. (1996) obtained similar estimates of alterations
in a sample of 30 women with breast cancer onset before age
30 y. The complete phenotype associated with mutations in
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this gene is not known, but a recent report of 33 families with
evidence for linkage to BRCAI revealed statistically significant
excesses of colon cancer and prostate cancer but no deficits or
excesses for any other sites (Ford et al. 1994).

BRCA2

Because BRCAI was observed to account for only roughly
40% of the identified families with apparent autosomal domi-
nant patterns of breast cancer, the search for other genes in
these families continued. BRCA2 was localized to chromosome
13q and recently cloned (Wooster et al. 1995). Like BRCAI,
BRCA?Z is thought to account for approximately 40% of the
families with apparent hereditary predisposition to breast can-
cer and to confer a high risk of early-onset breast cancer in
females. Although the gene was localized in families that also
had cases of male breast cancer, affected males are also ob-
served in families with BRCAI mutations. Analysis of different
tumor types from five families showing evidence of linkage
to BRCA2 revealed loss of heterozygosity of the wild-type
chromosomal region in tumors of the prostate, ovary, cervix,
colon and ureter (Gudmundsson et al. 1995). This information
suggests a broader phenotype may be more appropriate for
BRCA2 than BRCAL.

All three genes (p53, BRCAI and BRCAZ2) are thought to
be tumor suppressor genes. In the families studied to date,
there is a high probability that members who inherit a muta-
tion develop cancer, but the frequencies of inherited mutations
in the general population seem to be low. For BRCA!I and
BRCA2, the frequency of mutation carriers in the United
States is estimated to be on the order of one in 400 (Ford et al.
1995), or roughly 300,000 women. Thus, factors that influence
penetrance of the gene need to be identified. In particular,
those factors that prevent elderly mutation carriers from devel-
oping cancer despite their inherited high predisposition might
prove to be equally important and relevant to women without
such strong susceptibility. The role of environmental factors,
especially modifiable ones such as diet, is an important area
of research that needs to be addressed.

GENETIC FACTORS AND NON-MENDELIAN
FAMILIAL BREAST CANCER

Although the importance of the discoveries of major suscep-
tibility genes for breast cancer cannot be minimized, the public
health significance remains to be determined (Fitzgerald et al.
1996, Langston et al. 1996). In particular, according to data
from the Surveillance, Epidemiology and End Results program,
fully 80% of all breast cancers occur in women over the age
of 55 y (National Cancer Institute 1990). Given that late-
onset breast cancer consistently demonstrates familial aggrega-
tion and that the clustering does not seem to be explained by
chance or measured nongenetic risk factors (Chen et al. 1994),
it is reasonable to hypothesize that genes other than BRCAI,
BRCA2 and p53 might be contributing factors. In fact, there
are at least three genes (AT, ESR, HRASI) for which there
is some evidence for an association with breast cancer. Varia-
tions in these genes are characterized as having low penetrance
and low relative risks and might be involved in the non-
Mendelian familial clustering of breast cancer that occurs at
more typical ages at onset. In addition, there is evidence that
variations or alterations in these genes are more common in
the general population than mutations in BRCAI, BRCAZ ot
p53. Even with the associated lower relative risks, however,
the total number of cases in the population attributable to
inherited alterations in these genes may be considerable.

ATAXIA TELANGIECTASIA

Ataxia telangiectasia (AT) is an autoscmal recessive disor-
der characterized by cerebellar ataxia, oculocutaneous telangi-
ectasia, a hypersensitivity to ionizing radiation and an in-
creased susceptibility to cancer (McKinnon 1987). Four studies
have shown that female relatives of AT parients (obligate gene
carriers) are at increased risk of breast cancer. A review of
these studies (Easton 1994) produced a combined estimate of
relative risk of breast cancer associated with AT heterozygosity
of 3.9 (95% CI 2.1 to 7.2). It is important to verify these
observations. Because the AT gene has been cloned (Savitsky
et al. 1995), it is now possible to base exposure classification
on genotype data and extend the study samples to women
outside of AT families. It is relevant to note that a relative
risk of this magnitude is unlikely to yield multiple cases of
early-onset breast cancer in a family in a pattern consistent
with simple Mendelian segregation. Wooster et al. (1993) stud-
ied 16 multiplex breast cancer families and found no evidence
for genetic linkage between breast cancer and chromosome
11q markers (the physical location of the AT gene). Although
AT patients are known to have radiosensitivity, they are also
more susceptible to cell damage from hydroxy radicals. Thus,
it would seem appropriate to investigate the risk of breast
cancer among women who carry an altered AT gene and who
have low dietary exposure to antioxidants; susceptible individ-
uals may not develop breast cancer unless they receive relevant
exposure.

HRASI1

The proto-oncogene HRASI is tightly genetically linked to
a minisatellite locus that is highly polymorphic. Of the 30 or
so alleles that have been identified, four common alleles ac-
count for 94% of all alleles in white persons (Krontiris 1990).
A meta-analysis of 23 studies has shown that rare HRASI
alleles are associated with a 1.9-fold (95% CI 1.6 to 2.3) in-
creased risk of cancer (Krontiris et al. 1993). Statistically sig-
nificant elevated risk estimates were evident for cancers of the
breast (1.7), bladder (2.3), colon/rectum (2.2) and lung (1.6)
and for leukemia (2.3). Just as for AT, these magnitudes of
relative risk are probably insufficient for hereditary manifesta-
tion of susceptibility. Indeed, Hall et al. (1990) found no evi-
dence of linkage of HRAS! to breast cancer susceptibility in
12 high risk families with a Mendelian pattern of disease.
Because of the relative high frequency of the rare alleles, how-
ever, Krontiris et al. (1993) estimated that as many as one in 11
cancers may be attributed to this factor. Because the biologic
mechanism underlying the apparent increased breast cancer
risk among women carrying rare HRAS! alleles is unknown,
examination of possible interactions of rare HRASI alleles
with aspects of diet is perhaps premature at this time.

ESTROGEN RECEPTOR

The data that directly link estrogens to breast cancer risk
include animal models and studies of breast tumor cell lines;
the human data are largely indirect, but strong. The biologic
role of estrogens is mediated through high affinity binding to
the estrogen receptor (ESR), a member of a family of ligand-
inducible nuclear receptors that have steroid and thyroid hor-
mones and vitamins as known ligands (Evans 1988). At least
three published studies implicate the ESR in familial breast
cancer. Zuppan et al. (1991) reported genetic linkage of the
ESR locus with late-onset breast cancer, but the results were
not statistically significant. Andersen et al. (1994) compared
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genomic and tumor DNA of 274 breast cancer patients with
DNA from 204 controls for restriction fragment length poly-
morphisms and found suggestive evidence that the frequency
of the shorter alleles was 1.4 times higher among breast cancer
patients (95% CI 1.03 to 1.85). These alleles tended to be
associated with later age at onset, but the results were not
statistically significant. Roodi et al. (1995) examined the en-
tire coding region of the ESR gene in 118 receptor-positive
and 70 receptor-negative breast cancers. Mutations were ob-
served in only two cases (1%), but several neutral polymor-
phisms (i.e., base pair substitutions that did not alter the en-
coded amino acid) were identified. Intriguingly, the polymor-
phism at codon 325 was strongly associated (P < 0.0005) with
a positive family history of breast cancer. The fact that certain
vitamins act as ligands to the ESR suggests that simultaneous
consideration of dietary intake and genetic constitution could
be informative in further elucidation of the role of the ESR
gene.

ESTROGEN METABOLISM

The etiologic significance of hormones in the pathogenesis
of breast cancer is generally accepted (Henderson and Bern-
stein 1996). It has been repeatedly shown that estrogens can
induce and promote mammary tumors in rodents (Bernstein
1993). Epidemiologic studies have consistently demonstrated
that early menarche, late menopause, nulliparity, late age at
first full-term pregnancy, and obesity in postmenopausal
women are associated with significant excess risks of breast
cancer (Henderson and Bernstein 1996). These risk factors
are thought to exert their effect via longer periods of exposure
to estrogens secreted by the ovaries.

The metabolism of estrogen is controlled by several en-
zymes, each of which is encoded by separate genes. Most estra-
diol (E;) is metabolized, first to estrone (E;) and subsequently
to either 16a-hydroxyestrone (16a-OHE,) or 2-hydroxyes-
trone (2-OHE,) (Martucci and Fishman 1993). The latter ex-
hibits virtually no peripheral estrogenic effect and in fact may
act as an anti-estrogen in estrogen-sensitive tissues (Schneider
et al. 1984). The former, however, retains uterotropic activity
(Yu and Fishman 1985) and, unlike the parent estrogen E,,
possesses initiator and promoter activity in normal mammary
epithelial cells (Telang et al. 1992). It has been shown that
16a-OHE, can covalently bind to the estrogen receptor and
produce prolonged biochemical or physiological response in
animals (Bradlow et al. 1992). Laboratory experiments have
shown that 16a-OHE, is elevated in explant cultures of mam-
mary terminal duct lobular units of breast cancer patients (Os-
borne et al. 1993). Epidemiologic studies in humans have indi-
cated that breast cancer patients have substantially lower 2-
to 16a-OHE, ratios than controls (Schneider et al. 1982).
Taken together, these data suggest that genetic variation in
enzyme activity may be related to breast cancer risk.

In addition to estrone 2- and 16a-hydroxylases, other en-
zymes (e.g., 17-hydroxysteroid dehydrogenase, aromatase) are
also directly involved in estrogen synthesis and clearance.
Many proteins or peptides are involved in estrogen regulation
(e.g., follicle-stimulating hormone and luteinizing hormone)
and transport (e.g., sex hormone -binding globulin), and these
compounds are in turn regulated by other factors. It is certain
that the complex process of estrogen regulation, synthesis,
transport and clearance is determined, to a large extent, by
genetic factors. Therefore, it is conceivable that endogenous
estrogens and their metabolism patterns may explain interindi-
vidual variation in risk of breast cancer. This hypothesis, how-
ever, has not been adequately investigated.
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